• C in comparison with MWCNT based thermocells at the same T. Other low cost electrode materials like activated charcoal, acetylene black were employed to study the performance of thermocells. Cells were connected in series and parallel to study the feasibility of performance improvement at different T.
Introduction
Thermocells were the most attractive way for conversion of thermal energy to electrical energy and energy management. The vital merits of these systems were (i) absence of moving mechanical parts, (ii) complete and closed usage of electrolyte, T h temperature of hot electrode I max maximum current P max / T 2 normalized area power density J sc/ T normalized area current density MWCNTs Multiwalled Carbon Nanotubes were investigated in the literature, for efficient and effective harvest of low-grade heat to electrical energy [1] , mainly due to the limitations on physical, material properties and high cost [2] . Furthermore, Stirling engine technology possesses demerits such as high initial cost and long-term reliability problems [3] . Thus thermocells utilizing the Seebeck effect of the electrolytes to produce electrical power becomes an attractive alternative for harnessing low-grade heat due to its simple design, direct thermal to electric energy conversion, continuous operation, low maintenance and zero carbon emission [4] [5] [6] .
Investigation of thermocells to generate electricity through direct conversion of thermal energy was not an unheard phenomenon. Redox-type thermocells with aqueous potassium ferri/ferrocyanide solution had been studied in the literature for several decades [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] . The solution fills the space between two inert electrodes which were maintained at different T ( The working principle of the thermocells has been depicted in Fig. 1 . Under steady state conditions, Burrows [14] measured a power density (W) of about 0.9 W/m 2 at a T =50K.
Quickenden and Vernon [15] measured w = 0.3 W/m 2 at T = 20 K during the initial stage immediately after loading the cell. Thin layer redox-type cells [16, 17] had been under research and development for several years. A value of w = 2.6 W/m 2 at T =73K [16] and w = 3.2 W/m 2 at T =50K [17] were reported as steady-state power densities. In all the previously reported literature the temperature gradients were less than 100 K. The reason could be usage of aqueous electrolyte solutions in atmospheric conditions or cells with no antipressure mechanism. The current work investigates the performance of the cells at temperatures above 303-403 K. The electrochemical Seebeck effect [18, 19] for any redox reaction B ↔ ne-+ A and the Seebeck coefficient, S, in general was expressed as
where V is the electrode potential, T is the temperature, n is the number of electrons involved in the reaction, F implies Faraday's constant, and S B,A indicates the reaction entropy for the redox couple [20, 15] . Aqueous potassium ferri/ferrocyanide solution had been used as the redox system due to its ability to reversibly exchange one electron per iron atom and produce a large reaction entropy, yielding Seebeck coefficient (>1 mV/K) and high exchange current [14, 16, 17, 15, 21, 22] . Heat induced voltage generation in electrochemical cell containing ZnO nanoparticles possessing 498 mV with storage capacity of 60 h and exhibiting 1.06% efficiency of Carnot was already reported in literature [23] at an operating T = 30-50 • C. Apart from this thermodynamics aspects of thermal, chemical and electrochemical systems were extensively analyzed by several researchers in the literature [24] . The power conversion efficiency of a thermocell as modified by Hu et al. [25] , expressed as T is the temperature gradient between the two electrodes, k illustrates the thermal conductivity of the electrolyte (or the effective thermal conductivity of the electrolyte and separator), and T h describes the temperature at the hot side. In the present work we attempt to optimize the efficiency and the cost of construction of the thermocells employing simple design of the cell, electrodes, electrolyte and characterization techniques. This study aimed at fabricating a low cost device that can be practically integrated with industrial pipes, rooftops, solar power plants, etc. for extraction of power from sensible waste heat.
Experimental
Aqueous solution of K 3 Fe(CN) 6 electrolyte had been studied at different concentrations such as 0.1 mM, 1 M and 4 M. The performance of activated charcoal, acetylene black, acetylene black + copper composite, activated charcoal copper composite (Sigma-Aldrich Co., USA), electrodes were directly compared using a box configuration whereas MWCNTs were used to fabricate flat electrochemical cell. The hot side electrode temperature was maintained at 35-135 • C while the cold side electrode temperature at ∼5 • C, the two electrodes were 0.5 cm apart and the electrode dimension being 1.5 cm × 1.5 cm for box configuration and 22 cm × 24 cm for flat cell. The contacts were then covered by insulating M-seal (a chemical mixture of polyurethane resin base, diisodecyl phthalate, xylene, calcium oxide, ethylbenzene and diphenyl methane 4,4 ′ diisocyanate which acts as a sealant) in order to prevent possible artifacts due to interaction between the copper wire and the electrolyte.
3.
Construction of thermocell
Box configuration
Electrode materials (activated charcoal/acetylene black/80% acetylene black + 20% copper powder composite) were pressed and molded as a pellet of radius 1.5 cm and thickness 1.5 cm and effective area of the electrode being 0.0007065 m 2 . The pellet was packed in a steel box of similar radius and height. Agar-agar powder (5 g) and appropriate weight of potassium ferri/ferrocyanide were mixed in 50 mL deionized water (Branstead Millipore, USA) depending upon the concentration under consideration (0.1 mM, 1 M and 4 M). The mixed solution was heated at 130 • C on a hot plate with constant stirring till the solution become a gel. The gel was applied over the activated charcoal electrode and allowed to cool for a day. This packing was then covered by appropriate electrode material pellet and covered by the lid of the box. The copper wires were inserted through the side of the boxes (one at top and other at bottom) and the opening was sealed further by M-seal. K-type thermocouple wires were inserted inside the upper and lower electrode and sealed by M-seal. Thermocouple wires were connected to digital data acquisition system to measure the temperature of hot cathode and cold anode continuously during the experiments. By this setup direct measurement of the temperature of the electrodes was obtained instead of measuring the temperature of heat source and sink. The anode side was sealed with another steel cup to store ice and act as a heat sink. The heat sink was maintained at a temperature of 0-5 • C consistently. Thermocells were heated on the cathodic side using a digital hot plate.
I-V discharge characterizations of the prepared thermocells were performed employing iviumstat spectroelectrochemical workstation employing galvanostatic linear sweep voltammetry technique (Fig. 2) . The image of typical set up of thermocell has been depicted in Fig. 3 .
Flat cell configuration
Slurry of MWCNT in isoamyl acetate was prepared and spread to a thickness of 0.5 cm on an aluminum sheet of 22 cm × 24 cm area and the effective area of the electrode being 0.0528 m 2 .
Isoamyl acetate was evaporated from the slurry by allowing the electrode to dry at room temperature. Agar-agar powder (5 g) and appropriate weight of potassium ferricyanide depending upon the concentration under consideration (1 M) were mixed in 50 mL deionized water (Branstead Millipore, USA with constant stirring to form a gel. The gel was applied over the MWCNT electrode and allowed to cool for a day. This packing was then covered by identical MWCNT slurry coated polyethylene sheet on the top. The copper wires were inserted through the side of the cell and sealed by M-seal. K-type thermocouple wires were inserted inside the upper and lower electrode and sealed (Fig. 4) . Temperature of the cold side (polyethylene side) always maintained at 5 • C by placing frozen silica gel packs (at 0 • C) over the cell. Image of the flat cell being as depicted below (Fig. 5 ).
I-V discharge characterization of thermocells
The thermocells were heated up to desired temperature and the T maintained till the experiments were completed. At the scan rate of 10 mA/s for box configuration and 20 mA/S for flat cells, the open circuit potential, short circuit current and I-V curves were measured employing Galvanostatic Linear sweep voltammetry. The current was kept constant at 10 mA or 20 mA as the case may be and the equilibration time being 30 s to measure the open circuit potential. The cell was discharged before proceeding to another temperature gradient.
Multimeter showing
Open circuit voltage at ∆T = 0ºC
Steel box with thermocell packed inside
Ice tray to keep cold electrode at 0 to 5ºC 
Results and discussion
The foregoing analysis indicated that sensible heat can be harnessed and converted to useful power via thermocells employing cost effective materials like activated charcoal, acetylene black copper composite, potassium ferri/ferrocyanide, steel boxes, M-seal and copper wires. Seebeck coefficient of 7.35 mV/K was measured for the activated charcoal electrode, 17.9 mV/K for 80% acetylene black + 20% Cu composite electrode and 20.9 mV/K for MWCNT electrode in 1 M potassium ferricyanide at temperature gradient of 60 • C proving the dependence of Seebeck coefficient on the thermodynamics of the redox couple as well as the thermal conductivity of the electrode material.
Characterization of 0.1 mM potassium ferri/ferrocyanide and activated charcoal based thermocell
The I-V curve implied the current in mA and negative magnitude due to the discharging of the device. The maximum open circuit potential (V oc ) achieved by the device functioning in 0.1 mM electrolyte being 0.6639 V and depending upon the operating T the value of V oc varied from 0.0778 V to 0.6639 V. At T =40 • C, P max = 15.92 mW was observed, and the power density approximate to 22.534 W/m 2 . The power density observed being greater than that of ZnO, platinum and MWCNT electrode based thermocells reported in the literature [23, 25] . The open circuit potential measured was 0.6639 V with higher I sc and J sc of 4.169 mA and 5.9 A/m 2 , respectively ( Table 1 ). The power conversion efficiency of the device had been calculated employing the equation of Hu et al. [25] , where A = 0.0007065 m 2 , d = 0.005 m, k (thermal conductivity of activated charcoal) = 0.51 W/m/K. The maximum power conversion efficiency was observed as 0.024. This value corresponds to ten times lower than the data reported for MWCNT and Pt thermocells [25] .
Characterization of 1 M potassium ferri/ferrocyanide and activated charcoal based thermocell
The effect of concentration of the electrolyte on the performance of the thermocell had been studied by increasing the electrolyte concentration to 10 4 times in the device. The open circuit potential of the device improved drastically with increase in the concentration of the electrolyte. The agar-agar gel was highly saturated with the electrolyte rather than water and resulted in a solid state device. The trend in the parameters such as open circuit potential, short circuit current, current and power density, efficiency and relative efficiency were low at lower temperature gradients from T = 30-70 • C whereas high at T = 80-110 • C and again at T = 120 • C the trend falls. (Table 2) . It had been noticed 10 3 order of magnitude increment in the thermal stability of the device.
Further improvement on the current density can be attained by changing the electrode material and by increasing the electrode area.
Characterization of activated charcoal based thermocell in 4 M potassium ferri/ferrocyanide
Thermocells made of activated charcoal electrodes and 4 M ferri/ferro electrolyte had been investigated to understand the threshold limit of concentration of the electrolyte on the device performance. Table 2 -Characterization of 1 M potassium ferri/ferrocyanide activated charcoal based thermocell. Table 3 -Characterization of activated charcoal based thermocell in 4 M potassium ferri/ferrocyanide. [25] . The maximum power conversion efficiency was observed as 0.0359 (Table 3) and being eight times lower than the value reported for MWCNT and Pt thermocells whereas two times lower in comparison with 0.1 mM operated device. Although there was tremendous scope for utilizing the device at T <80 • Cn o improvement had been noticed in the power conversion efficiency, open circuit potential and the thermal stability of the device with increase in the electrolyte concentration to 4M. For thermocells operating at 4 M electrolyte concentration, as the cell opened up beyond 80 • C, a regular trend in V oc was not observed. The data obtained at the rest of T ranging from 30 • Cto80 • C showed entirely reverse trend in comparison to those cells operating in lower concentration of the electrolyte. This may be due to the instability of the concentrated electrolyte toward thermal gradient imposed on the thermocells during their operation.
Dependence of open circuit potential on T and concentration of the electrolyte

4.5.
Dependence of short circuit current on T and concentration of the electrolyte Fig. 10 represents the dependence of short circuit current, I sc of the thermocells operating at all electrolyte concentrations and T. Identical trend between I sc and V oc at all concentrations of the electrolyte as well as T had been observed. This clearly proved that the observed identical effect of the electrolyte concentration on V oc and I sc being analogous to I and V interrelated via Butler-Volmer kinetics for other electrochemical systems.
4.6.
Dependence of maximum power output and power density on T and concentration of the electrolyte
The trend in P max and the power density with electrolyte concentration and T are shown in Fig. 11 . The maximum power output by thermocells operating at 0.1 mM electrolyte concentration remained constant from 30 • Ct o7 0 • C and falls rapidly with increase in T from 80 • C to 120 • C. This could be attributed to the vaporization of water from the dilute electrolyte leading to performance degradation of the thermocell. Initial P max value at T = 30-70 • C being approximately 13.78-15.92 mW and falls suddenly to 5 mW at 80 • C and fluctuated between 9.611 and 3.51 mW throughout the experiment. Least value of 3.51 mW was noticed at T = 110 • C. Analogous trend had been noticed for power density also. The power density remained constant from 30 • Ct o7 0 • C and decrease rapidly with increase in T from 80 • C to 120 • C. Power density value showed less variation initially of around 20 W/m 2 , as the T increases, power density falls to 10 W/m 2 and then to 3 W/m 2 indicating the instability of the device at higher T. The reason behind this trend could be due to the change in thermionic processes beyond T =80 • C. In the case of thermocells operating in 1 M electrolyte concentration, although P max and power density are higher than the cell operating at 0.1 mM electrolyte, the trend between P max vs T and power density vs T remain unaltered. For thermocells operating in 4 M electrolyte, the P max and power density measured being 14.06-15.53 mW at T = 30-80 • C and 19.9-21.98 W/m 2 , respectively. This trend indicated that thermocells operating in this concentration range of the electrolyte were more efficient as it attains higher P max and power density at lower temperature gradient. But the safety issues associated with the opening of the seals and the cell leading to cyanide evolution were hazardous and hence cannot be pursued further.
The characterization of activated charcoal electrode based thermocells with optimal electrolyte concentration as 1 M potassium ferricyanide solution trapped in agar-agar gel yielded a maximum power density of 21.437 W/m 2 at T =60 • C. The value being 14.92 times higher than that of MWCNT based thermocells at the same T. The power from a single thermocell of area 0.000765 m 2 proved to be insufficient for practical application in small electronic devices like mobile batteries, health care devices, etc. Therefore, different cost effective electrode materials were experimented in a single box-type thermocell. In order to achieve higher power, box-type cells had been connected in series and parallel and characterized at T varying from 30 • Cto120 • C.
Construction of thermocell with different electrode materials
Electrolyte used in the current studies being 1 M K 3 Fe(CN) 6 /K 4 Fe(CN) 6 aqueous solution trapped in agar-agar gel. The construction of box-type cell was done similar to previous study except for the electrodes. The electrode materials employed and their preparation were as follows:
1. Activated charcoal was mixed physically with copper powder in 80:20 wt.% ratio using mortar and pestle. When the mixture appeared fairly uniform, it was pressed and molded as a pellet of radius 1.5 cm and thickness 1.5 cm. The effective area of the electrode was 0.0007065 m 2 for a single cell and 0.003535 m 2 for five cells and 0.007065 m 2 for ten cells. The electrolyte gel was prepared as described in previous study. The hot side temperature was kept constant at 35-125 • C while the cold side temperature was ∼5 • C and the two electrodes were 0.5 cm apart. The contacts were then covered by insulating M-seal to prevent possible artifacts due to interaction between the copper wire and the electrolyte. 
I-V discharge characterization of thermocells with different electrode materials
The activated charcoal based thermocells were heated up to desired temperature and the T was maintained constant till the experiments were completed. At the scan rate of 10 mA/s, V oc and I-V curves were measured employing Galvanostatic Linear sweep voltammetry. The current varied according to the discharge curve ranging from 15 to 25 mA and the equilibration time was set at 60 s or 90 s to measure the open circuit potential. The cell was then discharged before proceeding to next temperature gradient.
6.
Results and discussion
Characterization of a single 80% activated charcoal and 20% copper powder electrode based thermocell
From the non linear I-V characteristic curves (Fig. 12) and Table 4 , it was observed that the maximum V oc obtained being 0.827 V at T = 100 • C. The trend in the performance observed to be unsteady with respect to the temperature variation and the potential of the device measured to be in the range of 0.01-0.2 V at all T. Better results were noticed at T = 100 • C, but still lower than pure activated charcoal electrode based thermocell which produced, V oc = 1.35 V. The maximum limiting current the device can withstand approximates to 15 mA at T = 100 • C. At other temperature Table 4 -Characterization of a single 80% activated charcoal and 20% copper powder electrode based thermocell. gradients the current decayed to nearly 4 mA. P max produced by the device being 3.101 mW and the maximum power density produced was 4.386 W/m 2 with a Seebeck coefficient of 0.00827 V/K. The values were nearly five times lower than pure activated charcoal electrode based thermocell which exhibited P max as 15.145 mW and power density as 21.44 W/m 2 . The rationale behind the trend in the performance of the device would be attributed to the electrical and thermal conductivity mismatch of pure activated charcoal and copper coexisting in a non-homogeneous mixture. The difference in phononic vibration frequencies of both the materials may also attribute to the electron transport in the medium resulting in low power as compared to pure activated charcoal electrode based thermocell.
Characterization of five cells with activated charcoal as electrode material connected in series tested immediately after fabrication
The electrode area being five times that of a single cell i.e. 0.003535 m 2 . The experiment was conducted with an aim to improve the V oc and the maximum power output of the device. From the I-V characteristics (Fig. 13) and Table 5 , the maximum V oc was obtained as 1.252 V and the maximum current the device can withstand as 26 mA. The trend showed good performance at T from 30 • Ct o7 0 • C, with degradation after 70-120 • C. This could be attributed to the changes in Although five cells in series provided lesser power output then single cell, it would be favorable in a sense that if the electrode area had been increased, the device could harness sensible heat even at low T into useful power.
Characterization of five cells with activated charcoal as electrode material connected in series tested after 45 days
From the characteristic curves (Fig. 14) , it was observed that V oc , I max , P max and power density were identical in comparison with single cell tested immediately after fabrication. This uniformity of the values at all T without strong fluctuations implied that the device does not undergo self discharge or 
Fig . 15 -(a) V ocv and (b) P max vs T of five activated charcoal electrode filled thermocells in series with respect to time.
degradation of chemicals employed over time. Thus thermocell can be a feasible technology for long term usage without performance degradation over time (Table 6 ).
Characterization of parallel connection of five cells (with activated charcoal as electrode material) in series connected with another set of five cells (with activated charcoal as electrode material)
The electrode area would be ten times that of a single cell i.e. 0.007065 m 2 . This experiment was carried out with an aim to improve the I sc and P max of the device. From the I-V characteristics (Fig. 15) , open circuit potential and I max were observed to be 1.252 V and 22 mA, respectively (Fig. 16) . The trend showed steady performance at T = 70-120 • C. The P max and power density obtained being 6.57 mW and 0.932 W/m 2 , respectively, at T =80 • C with a Seebeck coefficient of 0.01565 V/K. The power obtained being identical to that of a single series of five cells with half the power density. The plausible reason for this behavior might be the internal resistance developed by the copper connecting wires. Hence feasible and low cost solution would be increasing the area of a single cell instead of connecting many cells in series/parallel (Table 7) .
Characterization of a single 80% acetylene black and 20% copper powder electrode based thermocell
From the non linear I-V characteristic curves (Fig. 17) , the maximum V oc obtained was 1.252 V which remained constant for the whole range of T studied. The maximum limiting current the device can withstand being nearly constant around 33 mA. The trend of performance observed to be quite steady with the maximum power produced by this device being 7.83 mW and the maximum power density produced was 11.07 W/m 2 at T =80 • C with a Seebeck coefficient 0.04173 V/K. These values vary very slightly within the range of T employed. The power and power density were nearly Table 8 -Characterization of a single 80% acetylene black and 20% Copper powder electrode based thermocell. Table 8 ). This might be accounted due to higher thermal conductivities of pure acetylene black as compared to pure activated charcoal. Thus acetylene black and copper composite might act as better electrode material than activated charcoal and copper mixture to extract power consistently at both higher and lower T ranges unlike single activated charcoal cell which can extract more power at high T only.
Characterization of five cells with 80% acetylene black and 20% copper powder electrode based thermocells
From the I-V characteristics (Fig. 18) , I max and the maximum activated charcoal series and power density was three times less than 1.992 W/m 2 at T =30 • C ( Table 9 ). This behavior of the device in series may be due to difference in thermal conductivities of pure acetylene black and copper which coexist in a non-homogeneous mixture. The difference in the phononic vibrations frequencies of the materials may lead to reduction in the rate of electron transfer resulting in lower power output compared to pure activated charcoal electrode based thermocell series.
Dependence of P max on T and electrode assemblies
From Fig. 19 , it can be inferred that P max being obtained from a single thermocell of different electrode assembly combinations. The trend showed that there are fluctuations in P max over all T range and higher the T (100 • C or 110 • C) higher would be the power output of a single cell. On the other hand, a drastic fall in P max being observed in the case of activated charcoal and copper composite with practically negligible power at almost all T except at 100 • C. The series and parallel combinations of five and ten activated charcoal thermocells generated power approximately 33% of that produced from a single activated charcoal thermocell at higher T. The P max from acetylene black and copper powder composite observed to be a constant value at different T ranges, but still lesser than P max from pure activated charcoal cell. Alternatively, combination of acetylene black and copper cells five in series can capture very low T to produce substantial amount of power but the device do not perform well at higher T.
Dependence of maximum power density on T and electrode assemblies
The trend in Fig. 20 being similar to P max in Fig. 19 except for the difference in scale of the parameters plotted.
Dependence of efficiency on T and electrode assemblies
According to Fig. 21 ,a tl o w T, efficiency of activated charcoal cells in series observed to be high and drastically falls with increment in T. On the other hand, activated charcoal electrode based thermocell had higher efficiencies at higher T. The trend in acetylene black thermocells showed that higher efficiencies were obtained at lower T and slowly reduced as T increased. All other assemblies showed identical trend as a single activated charcoal thermocell. It must be noted that though actual efficiencies were lesser than 1%, the efficiency accounts for approximately 20-30% of Carnot efficiency. 
Dependence of J sc on T and electrode assemblies
From Fig. 22 , it could be seen that high and uniform power density were observed in case of single acetylene black-copper composite electrode based thermocell. The trend can be reasoned by the availability of free electrons in sp 2 hybridized orbitals of acetylene black and d electrons in copper. These electrons contribute to high electron transfer rate and current density. Conversely, combination of such cells in series had very low current density. Activated charcoal single cells showed sudden increase in J sc at T ranging from 100 • Ct o 110 • C. From all the above described studies, it could be concluded that the best performance characteristic at high T had been shown by acetylene black single cell while acetylene black and copper composite electrode based single cell generated better and uniform performance characteristic at lower T. The series and parallel connected cells although showed consistent results, it was not significant due to high internal resistance developed in the device.
Thus from the experimental results it can be inferred that activated charcoal generated higher power output at high T s and acetylene black produced high power output at low T s . When the cells were connected in series and parallel, huge power dissipation happened due to the copper connecting wires. Consequently, it was concluded that instead of connecting cells in parallel or series, utilizing highly conducting materials like multi wall carbon nanotube coatings on a flat flexible plate with large surface area would mitigate both low power output and high internal resistance effects.
7.
Characterization of flat cell with CNT as electrode material A flat and flexible cell was prepared using Aluminum sheet of 0.3 mm thickness, 4 cm × 4 cm area as hot anode side, plastic transparency sheet of 0.3 mm thickness and 4 cm × 4cm area as cold cathode side. A paste made of CNT and acetone was spread evenly using a spatula on each of these sheets up to a thickness of 0.5 cm. K 3 Fe(CN) 6 /K 4 Fe(CN) 6 aqueous solution trapped in agar-agar gel was then applied over the dried surface of one of the electrodes and this whole assembly was sealed using M-seal on all four sides.
From Fig. 23 it can be inferred that the I-V characteristics showed a very uniform and well defined trend. V oc was maximum at T =40 • C and T =50 • C with a value of 1.252 V while maximum I sc was at 0.04 A, P max = 0.0109 W, while maximum power density equals to 6.84 W/m 2 , maximum J sc as 21.875 A/m 2 and the Seebeck coefficient of 0.02504 V/K at T = 40-50 • C (Table 10 ).
Characterization of MWCNT based flat cell (1 M potassium ferri/ferrocyanide)
The current dimension investigated being 22 cm × 24 cm. Table 11 , it can be inferred that 20-65% Carnot efficiency being achieved by the device at T ranging from 30 • C to 100 • C. At T = 120 • C and 130 • C, the device power conversion and relative efficiency became equal to that of Carnot efficiency. The device power conversion and relative efficiencies were 2% higher than Carnot efficiency at T = 120 • C and 2% lower than Carnot efficiency at T = 130 • C. At T = 110 • C, the power conversion efficiency and relative efficiencies of the thermocell were approximately 18% higher than the Carnot efficiency. This high efficiency could be attributed to the plausible change in the thermionic processes at higher temperatures and high thermal conductivity of MWCNTs. The error analysis on power conversion efficiency of MWCNT based flat thermocell by conducting the characterization studies after 120 and 180 days of the fabrication from Fig. 26b . It was seen that the reproducibility of the data lies well within the experimental error limit and the performance of the device remained unaffected after 180 days from the day of its fabrication.
Thus from the above results, it can be concluded that MWCNT based flat cells performs efficiently than any other devices investigated in the current work. Although the maximum power density achieved by the device being ∼0.6 W/m 2 , the consistent performance of the device at all temperature gradient need to be highlighted.
Cost analysis of the device
As the cost of MWCNTs have gone down a lot, in the current market MWCNTs of 10-20 nm size and >95% purity obtained from Chinese academy of Sciences was sufficient to produce 
Perspectives and summary
The performance and efficiency of box configuration thermocells operating in activated charcoal, acetylene black and copper composite electrodes, agar-agar gel trapped potassium ferri/ferrocyanide electrolyte had been studied. The Seebeck coefficient of 7.35 mV/K was measured for the activated charcoal electrode at 1 M potassium ferricyanide at T =6 • C and seven times higher than the value of 1.4 mV/K reported by Hu et al. [25] employing MWCNTs and 0.4 M potassium ferricyanide at T =60 • C, proving the fact that the thermodynamics of the redox couple and electrode material governs the Seebeck coefficient. The J sc and power density (P max ) generated by the activated charcoal electrodes in 0.1 mM, 1 M and 4 M potassium ferricyanide were 3.976 A/m 2 , 20.495 W/m 2 and 20.2845 A/m 2 , 21.437 W/m 2 and 9.03 A/m 2 , 21.98 W/m 2 , respectively, whereas that of the other electrode materials were discussed in other sections. The normalized current density at T =60 • C for all the three concentrations of electrolyte mentioned above were J sc / T, 0.066 A/m 2 K, 0.338 A/m 2 K and 0.151 A/m 2 K, respectively. The rationale behind this lower value of normalized current density might be due to the lower thermal conductivity of the activated charcoal electrodes. The normalized area power density, P max / T 2 of 5.7 × 10 −3 W/m 2 K 2 , 5.96 × 10 −3 W/m 2 K 2 and 6.11 × 10 −3 W/m 2 K 2 for 0.1 mM, 1 M and 4 M electrolyte respectively were measured. It was reported in the literature that the Pt electrodes generated a J sc of 48.4 A/m 2 and a P max of 1.02 W/m 2 , corresponding to a J sc / T of 0.81 A/(m 2 K) and a P max/ T 2 of 2.8 × 10 −4 W/(m 2 K 2 ). The graphite sheet electrodes generated a J sc of 36.6 A/m 2 and a P max of 0.76 W/m 2 , corresponding to a J sc / T of 0.61 A/(m 2 K) and a P max / T 2 of 2.1 × 10 −4 W/(m 2 K 2 ). Hence the current methodology would positively pave way for cost effective tapping of sensible heat and converting it in to useful power.
With different electrode materials, it was concluded that activated charcoal electrode thermocell had produced the highest maximum power of 15.145 mW and power density of 21.44 mW/m 2 at T = 100 • C. Thus making material best suited for use in industrial applications where waste heat in the range of T = 100 • C being available. Acetylene black had produced a maximum power of 4.7 mW with maximum power density of 0.6645 mw/m 2 and current density as 35.38 A/m 2 . By achievement of 18% higher efficiency than Carnot efficiency at T = 110 • C for MWCNT based thermocells, real time applications of waste heat harnessing from thermal power plants, solar power plants, processing industries, etc. becomes plausible and best suited to extract the power from low temperature gradients across roofs, panels, bioreactors, etc.
The foregoing analysis aimed at development of thermocells which can harvest the waste heat or low grade sensible heat into useful power. In the current investigation cost of the thermocells had been tremendously brought down by cost effective materials like activated charcoal, boxes made of low quality steel and electrolyte trapped in agar-agar gel. By using optimal concentration of electrolyte as 1 M and using appropriate electrode material, the power obtained had been improved by 14.92 times as seen in recent literature. To demonstrate thermocells in harnessing solar heat as well as low grade heat dissipated by storage devices and super computers and converted into power, experiments were performed employing flat cells. The future work in this regard aims at (i) demonstrating the device on flexible substrates in a real time data monitoring environment like exhaust pipes, chimneys, hot water pipes, etc. (ii) Studying the effects of vibrations of the heat transfer pipe on the phononic vibrations in the thermocells, (iii) designing a complete product from scratch, (iv) Integrating power storage devices and charge regulators into thermocells to harness waste thermal energy from solar panels, waste heat from Concentrated solar power plants, thermal heat generated in electronic devices like mobiles, tablets, laptops, etc. Although the current flat and box configuration thermocells produced consistent and constant power output for the maximum of 45 days, operational lifetimes of years to decades would be more desirable. Since the available waste energy being free and unlimited from several sources, relatively high conversion efficiencies of the presently improved thermocells and its cost effectiveness becomes a preferred task in the future.
